Bismuth ferrite (BiFeO 3 ) is difficult to pole because of the combination of its high coercive field and high electrical conductivity. This problem is particularly pronounced in thick films. The poling, however, must be performed to achieve a large macroscopic piezoelectric response. This study presents evidence of a prominent and reproducible self-poling effect in few-tens-of-µm-thick BiFeO 3 films. Direct and converse piezoelectric measurements confirmed that the as- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 2 self-poling effect only appears in cases when the films are heated and cooled through the ferroelectric-paraelectric phase transition (Curie temperature T C~8 20 o C). These self-poled films exhibit a microstructure with randomly oriented columnar grains. The presence of a compressive strain gradient across the film thickness cooled from above the T C was experimentally confirmed and is suggested to be responsible for the self-poling effect. Finally, the macroscopic d 33 response of the self-poled BiFeO 3 film was characterized as a function of the driving-field frequency and amplitude.
Introduction
Perovskite bismuth ferrite, BiFeO 3 (BFO), possesses a wide range of prominent and rare characteristics, including an exceptionally high Curie temperature, T C (~830 o C), 1 a large remanent polarization (~100 µC/cm 2 ), 2 and a coupling of the magnetic and ferroelectric properties at room temperature. 3, 4 These attractive properties can be used in a number of applications, such as transducers, actuators, sensors, data-storage and spintronic devices. 5 Many of these applications require the integration of the BFO onto substrates.
One of the major obstacles to the use of BFO in piezoelectric applications is its high coercive field (50-85 kV/cm), [6] [7] [8] [9] [10] which makes the poling of BFO ceramics by the application of external electric fields rather difficult. Typically, electric fields in excess of 120 kV/cm [6] [7] [8] [9] [10] are required to pole polycrystalline BFO ceramics and in some cases even higher fields, as high as 1000 kV/cm, 11, 12 are applied to BFO thick films, such as those prepared by sol-gel 11 and pulsed-laserdeposition methods 12 with thicknesses in the range of 1 µm. Thus, the poling appears to be 4
Preparation of the thick films
BFO thick films with thicknesses of 6 µm, 17 µm, 23 µm, 30 µm, and 40 µm were prepared using the screen-printing method, as reported in ref. 13 We used Al 2 (subsequently referred to as the post-annealing step).
Characterization

X-ray diffraction analysis
X-ray diffraction (XRD) analysis was performed at room temperature with an X'Pert PRO MPD diffractometer with Cu-K α1 radiation (PANalytical, Almelo, the Netherlands). The data hours.
The paraelectric-ferroelectric phase transition of the BFO films was followed by an in-situ temperature-dependent XRD analysis using a PANalytical, X'Pert PRO (HTK) diffractometer with Cu-K α1 and Cu-K α2 radiation in combination with an Anton Paar HTK-1200N oven (Anton Paar, Graz, Austria). The Cu-K α2 radiation was stripped using the PANalytical X'Pert HighScore 
Analytical microscopy
Cross-sections of the BFO thick films were prepared by standard metallographic procedures.
The samples were cut, ground with SiC paper and polished with a diamond paste (DP-Paste P 3 µm, 0.25 µm, Struers Inc., Cleveland, USA). After the polishing, the surfaces and cross-sections of the BFO thick films for electron back-scattered diffraction (EBSD) analysis and for atomic force microscopy (AFM) investigations were additionally etched by polishing for ~2 hours using an OP-S suspension (Struers A/S, Ballerup, Denmark).
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The microstructures of the thick-film samples were investigated with a scanning electron microscope (SEM) JSM 7600F (Jeol, Tokyo, Japan) equipped with an Inca Energy Detector (energy-dispersive X-ray spectroscopy or EDXS) and EBSD analyzer (Oxford Instruments). All the EDXS analyses were performed at 15 keV. The EBSD analyses were performed using an acceleration voltage of 20 kV, a working distance of 20 mm, a sample tilt angle of ~70 o and a 50-µm aperture using an Oxford Instruments HKL Technology CHANNEL 5 software package.
The surface and cross-section EBSD mappings were performed on areas of ~28,000 µm 2 and ~15,000 µm 2 with a 0.7-µm step size. To provide electrical conduction at the samples' surfaces and thus prevent charging during the SEM analysis, the samples were coated with carbon prior to analyses using a sputter coater (SCD 050 Sputter Coater, Bal-Tec, Balzers, Liechtenstein).
The average grain size of the films was determined from surface SEM images. To extract the average grain size, areas with more than 370 grains were analyzed and the digitalized microstructure images were processed with the Image Tool software version 3.00 (University of Texas Health Science, San Antonio). The grain size was expressed as the mean Feret's diameter (d). The porosity of the films was also evaluated from surface SEM images, i.e., by analyzing a ~2,700 µm 2 area of the sample's surface.
For the transmission electron microscopy (TEM) cross-section investigations, a ~6-µm-thick BFO film on Pt/Al 2 O 3 was synthesized and prepared according to the procedure described in ref. 37 High-resolution TEM imaging and selected-area electron diffraction (SAED) analysis were performed on a Jeol JEM-2010F microscope, operated at 200 kV and equipped with a JEOL EDXS detector and a CCD camera.
Piezoresponse force microscopy amplitude images were recorded with an atomic force microscope (AFM; Asylum Research, Molecular Force Probe 3D, Santa Barbara, CA, USA) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   7 equipped with a piezoresponse force mode (PFM The converse d 33 response at weak (sub-coercive) fields was recorded on self-poled samples using a setup based on an optical-fiber sensor, as described in ref. 39 The displacement signals were recorded with an oscilloscope and a lock-in amplifier (the d 33 and the piezoelectric phase angle were determined from the first-harmonic strain response). The measurements were carried 
Results
Evidence of the self-poling effect in BFO thick films
In the first part of the study we provide evidence of the self-poling effect in ~23-µm-thick BFO films and show that the effect is only large when the BFO film experiences the ferroelectric- In order to verify whether the large difference in the d 33 responses between the two films indeed originates mostly from the self-poling effect, both the samples were poled at room temperature by application of an external DC electric field of 50 kV/cm for ~5 minutes. The The appearance of the macroscopic piezoelectricity in the as-sintered samples ( Fig. 1a and 1b) should be reflected in the preferred alignment of the ferroelectric/ferroelastic domains along the polar [111] pc axis, which we followed by XRD analysis. 36 The XRD patterns of both thick films, 1d inset) . In contrast, the thick-film structure sintered at 820 o C exhibits a drastic increase in the (111) pc reflection intensity with the (111) pc /(111 ത ) pc intensity ratio being ~34/1 (Fig. 1c, inset ). This suggests an increased volume fraction of the [111] pc -oriented domains in the out-of-plane film direction in the sample sintered at 820 °C, which is consistent with the larger macroscopic piezoelectric response of this sample (Fig. 1a) relative to that of the film sintered at 800°C (Fig. 1b) .
To (Fig. 2b) . After each cycle, the XRD pattern of the sample was recorded at room temperature (RT). (Fig. 2a) . On the other hand, the transformation of the crystal structure from the ferroelectric to the paraelectric phase, related to the Curie temperature, [44] [45] [46] took place in the temperature range 780-840 o C (Fig. 2b ) (see also the two insets of Fig. 2b) . Importantly, just after the transformation from the paraelectric to the ferroelectric phase during cooling, the (111 ത ) reflection of the ferroelectric phase reduces almost to the noise level, while the intensity of the (111) pc reflection markedly increases (Fig. 2b, bottom inset) . Note, however, that just before the transformation to the paraelectric phase during heating, the intensity of the (111 ത ) was approximately three times higher than that of the (111) pc reflection (Fig. 2b, upper inset ). This change of the (111) pc -to-(111 ത ) pc intensity ratio strongly suggests that the domain orientation occurs when the film is cooled just below the T C (Fig. 2b) . This is also supported by the volume fraction of [111] pc -oriented domains (η 111 ), calculated from the RT XRD patterns (S1), which are -0.07 for the as-sintered sample, -0.06 after the first HT XRD cycle (refer to Fig. 2a ) and 0.71 after the second cycle (refer to Fig. 2b ). (Fig. 2b , bottom inset), shows clearly that the BFO thick film developed a significant self-poling (d 33 ~20 pm/V) only after crossing the T C . The presented experimental results thus confirm that a single postannealing step (Fig. 2b) or direct sintering (Fig. 1a) above the T C leads to a strong self-poling effect.
Microstructure of the BFO thick films
Considering that the XRD analysis and the d 33 measurements clearly show that the significant self-poling and domain-orientation effects occur upon cooling the films from above the T C , we analyzed the microstructure of the two samples, i.e., one sintered above (820 °C) and the other below (800 °C) the T C . The results of the SEM, EBSD and PFM analyses are shown in Fig. 3 .
Inspection of the SEM cross-section images of the BFO thick films sintered at 800 o C (Fig. 3a) and 820 o C (Fig. 3b) shows that both films contain the perovskite as the main phase, with some inclusions of secondary phases, and that both films are characterized by a similar thickness (~30 µm) and porosity. The total porosity calculated from the SEM images is about 5% for both samples, while the pore size is smaller in the film sintered at 800 o C (Fig. 3a) compared to the pore size in the film sintered at 820 o C (Fig. 3b) . In addition, EDXS/SEM analyses were also 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 film sintered at 800 o C exhibits a microstructure with several equiaxed grains per film thickness (Fig. 3c) . In contrast, the film sintered at 820 o C possesses coarser columnar grains ( Fig. 3e) with clearly visible domains, spanning the entire film thickness (Fig. 3f) . The EBSD orientation surface view maps of both thick-film structures, i.e., sintered at 800 o C ( Fig. 3d ) and 820 o C (Fig. 3g) , reveal a homogeneous distribution of all the orientations (mapped by the different colors), meaning that no preferred crystallographic orientation of the BFO was observed in any of the thick films, despite the difference in the grain morphology (granular versus columnar). Thus, the film sintered at 820 o C exhibits columnar, randomly oriented grains in three dimensions, in which, according to the XRD, the domains have a preferred [111] pc orientation (Fig. 1c) . The preferred domain orientation was not identified by EBSD; this could be a consequence of the domain re-orientation induced by the mechanical polishing of the sample's surface during the sample preparation for EBSD.
Next, a PFM analysis was used to image the domain morphology in the BFO grains in both 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 17 ( Fig. 3h and inset) . In contrast, the PFM amplitude image of the film sintered at 820 o C shows few-tens-of-micrometer-sized BFO grains with a diverse domain morphology, such as lamellartype and irregular-shape domains of different sizes (noted in Fig. 3i ). As seen from the PFM amplitude image of the surface of this film, some domains percolate through the whole grain (see, for example, the lamellar domain in Fig. 3i) . Similarly, the EBSD map revealed domains percolating from the Pt/BFO interface to the film surface (Fig. 3f) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   18 To summarize, the BFO films exhibited a drastic change in microstructure, from equiaxed grains when sintered at 800 o C (below T C ) to columnar grains when sintered at 820 o C (above T C ). The same changes in microstructure were observed in the BFO thick films that were sintered below the T C and just post-annealed above the T C (S2), which suggests that the microstructural changes are related to the ferroelectric-paraelectric phase transition, regardless whether the film is directly sintered or post-annealed above the transition temperature.
Strain gradient in the BFO thick films
The strain gradients were proposed to lie at the origin of the self-poling effect in several cases for thin films and bulk ceramics. 21, 22, 27, 33, 34 The BFO thick-film structure sintered above the T C exhibited a significant self-poling effect, thus we used high-resolution (HR) TEM imaging and 
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The initial thickness of the studied BFO film was 6 µm, which was reduced to 2 µm during the TEM sample preparation. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 As TEM is a local technique, we additionally studied the change in the out-of-plane unit-cell parameter in differently thick BFO films by XRD analysis. Fig. 4c shows the (001) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21 both the in-plane and out-of-plane d-spacings of the BFO was observed (Fig. 4b) as the substrate was approached. In addition to the change in the peak position, a peak broadening was also observed, which is more significant as the film thickness is reduced (Fig. 4c) . This peak broadening is a convolution of effects of microstrain and the reducing thickness of the film.
Discussion of the self-poling effect and the piezoelectric behavior of the self-poled BFO thick film
The results confirm a macroscopic direct and converse piezoelectric response in as-sintered BFO thick films where the magnitude and direction of the built-in polarization appears to be dependent on the temperature from which the sample was cooled. BFO thick films cooled from above the T C exhibit upward polarization and a direct d 33 of up to 20 pC/N. Worth noting is that this d 33 value represents 45% of the d 33 measured for well-poled BFO ceramics, i.e., 44 pC/N, 6 and that this fraction is higher than that observed in thick films of PMN-PT and "soft" PZT (~20-30 %) poled with external electric fields. Consistent with the self-poling effect is the preferred [111] pc domain orientation developing out-of-plane when the film is cooled to just below the T C (Fig. 2b) . In contrast, films that did not experience the ferroelectric-paraelectric phase transition exhibited a weak self-poling effect (Fig. 1b) with a direct d 33 of 3 pC/N and reversed (downward) polarization (Section 3.1).
The difference in the self-poling effect in the films sintered above and below the T C may be explained as follows. Self-poled films cooled through the ferroelectric-paraelectric phase transition exhibit a strain gradient of ~2.7×10 3 m −1 throughout the film thickness (Fig. 4) . We propose that the compressive strain gradient originates from the stresses associated with this phase transition. The ferroelectric-paraelectric phase transition of the BFO is strongly first order in nature [44] [45] [46] and is accompanied by a large change in the primitive unit-cell volume, i.e., ~1.5% 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   22 for a temperature change of 10 K (i.e., during cooling from 830 °C to 820 °C where the T C ≈ 825 °C). 44, 45 This is two orders of magnitude higher than the volume change expected due to the thermal expansion of the BFO, ~0.03% for a temperature difference of 10 K. 45 This transitionrelated volume change should result into compressive stresses, since in the BFO film the expansion of the BFO unit cell is hindered due to it being clamped to the substrate once the film is cooled just below the T C (providing the stresses relax at T > T C ). This proposed mechanism is consistent with the compressive strain observed at room temperature in the vicinity of the bottom-electrode/BFO interface (Fig. 4b) . Considering that the film is clamped to the substrate, we expect the stresses to decay towards the surface of the film, resulting in a strain gradient, as effectively measured (Fig. 4b ).
In the case of the BFO thick film sintered below the T C , sources of stresses other than those related to the ferroelectric-paraelectric transition should be considered, particularly the stresses induced by the thermal expansion coefficient (CTE) mismatch between the thick film and the substrate material, which are known to have a great impact on the phase composition, 43 crystal structure 41, 53 and piezoelectric properties of a thick film. 53 According to the linear CTEs at RT, (Fig. 1d ) and weak downward self-poling, although the exact mechanism is not clear. In addition, the observed compressive residual strain in BFO thick films sintered above T C (Fig. 4b) suggests that the difference in the CTEs is not responsible for the strain state of this film as this mechanism should result in tensile stresses. 
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While the experimental data presented here strongly suggest a relationship between the significant self-poling in BFO films and the strain gradient, associated with the stresses induced by crossing the ferroelectric-paraelectric phase transition, there are various mechanisms by which the strain gradient may lead to self-poling, for example, through the flexoelectric effect (called flexoelectric poling) 21, 56 and/or the redistribution of charged defects. 22, 27, 33, 57 We also note that the observed significant change in the microstructure of the film (from an equiaxed to a columnar grain morphology) by cooling through the T C ( Fig. 3 and S2) , can also be a result of the strain distribution in the film and possibly related to the self-poling effect, though the exact mechanisms are still to be investigated.
To compare with the piezoelectric response of BFO ceramics 39 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 24 ( Fig. 5 ; inset) and the weak dispersion in d 33 ( Fig. 5) relative to the BFO ceramics, could be related to the clamping of the film to the substrate, which may provide elastic pinning of the non-180° domain walls, limiting their mobility under an applied field. 58, 59 The clamping effect of the substrate is expected to decay from the substrate/film interface towards the surface of the film, which is consistent with the observed strain gradient along the thickness of the film (Fig. 4b) . A similar effect of the substrate clamping on the d 33 response was reported for KNN thick films. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 25
Summary and conclusions
In summary, we report on a self-poling effect in BFO thick films. Through measurements of the direct and converse piezoelectric responses, and an XRD analysis of domain orientation in the films, we present evidence that the self-poling in BFO thick films is tightly linked to the sintering (or post-annealing) temperature and to the strain gradient developed in the film.
Significant self-poling only appears when the material is sintered or post-annealed above the T C (~820 o C). Passing through the T C is also accompanied by an abrupt change in the microstructure:
the thick film cooled from above the T C exhibited a columnar grain morphology, while those cooled from below the T C had equiaxed grains. The thick films that experienced the ferroelectricparaelectric phase transition reveal the presence of a compressive strain gradient across the film thickness, which is suggested here to be responsible for the appearance of the self-poling effect.
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